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The ethyl acetate extract from the liquid fermentation of S. caelestis Aw99c exhibited high and broad
antifungal activities against plant pathogenic fungi. Bioassay guide fractionation led to the discovery of
two xanthones, citreamicin € and 0. The draft genome sequence of S. caelestis Aw99c was analyzed
by a similarity-based approach to elucidate the pathway for the citreamicins. A 48 kb citreamicin (cit)
gene cluster with 51 open reading frames encoding type Il polyketide synthases and unique polyketide

tailoring enzymes was proposed based on the genome analysis and the chemical structure derivation.
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1. Introduction

Actinomycetes are a well known microbial source for antibiotics
discovery. Compared with the other source of antibiotics, the
microbial source possesses much flexibility for further
biotechnological developments."” Two-thirds of the known
antibiotics produced by microorganisms are indeed from acti-
nomycetes, especially from the Streptomyces genus.** However,
more and more research indicates that such organisms have the
potential to produce a far greater number of bioactive
compounds than have been identified.>” The analysis of the
gene clusters encoding various secondary metabolites provides
us with a new approach to explore the potential production of
bioactive compounds in actinomycetes. Recent genome projects
of actinomycetes revealed that most biosynthetic pathways of
bioactive compounds were associated with non-ribosomal
peptide synthase (NRPS) and polyketide synthase (PKS).>™°
Polyketides are a large family of secondary metabolites
with a range of biological and pharmacological activities.
Most polyketides are produced from short chain carboxylic
molecules, such as acyl coenzyme A by actinomycetes and
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caused disruptive surface of the mycelia.

fungi.'*** A typical polyketide biosynthesis gene cluster
would include the core PKS synthase gene for producing the
backbone of compounds and various additional genes for
modification.” Citreamicins, belonging to the family of
polycyclic xanthone antibiotics, were isolated from Strepto-
myces sp. and active against a variety of Gram-positive
bacteria, including MRSA and vancomycin-resistant Entero-
coccus faecalis (VRE)."**®

Plant pathogenic fungi making specific organs infection are
responsible for the heavy economic loss in agriculture. Thus,
different strategies have been used for the control of phyto-
pathogenic fungi, mainly by using synthetic fungicides. Our
group has been committed to find environmental friendly
fungicides from natural products for many years**>*° and in our
attempts to search suitable antifungal agents for control of
plant pathogenic fungi, we found that the Streptomyces cae-
lestis Aw99c isolated from the Red-Sea showed significant
antifungal activity. In this study, 20 L scale fermentation of S.
caelestis Aw99c in SPY media was carried out and the EtOAc
extracts of the S. caelestis Aw99c was used to detect bioactiv-
ities against six plant pathogenic fungi. The followed by anti-
fungal bioassay guide separation led to the discovery of two
antifungal agents citreamicin € and 6. We sequenced the draft
genomes of the strain S. caelestis Aw99c. Herein, we reported
the genome-based analysis, together with the metabolite
analysis of the strain S. caelestis Aw99c and proposed
a possible biosynthetic pathway for citreamicins. The anti-
fungal activity of citreamicins was also discussed.

This journal is © The Royal Society of Chemistry 2019
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2. Results and discussion

2.1. Characterization of the isolated compounds

Both compound 1 and 2 were purified as a yellow powder from
the extract of broth culture of S. caelestis Aw99c. The molecular
formulas of both compounds were determined to be the same
(C30H,5NOq;) based on HRESIMS, which indicated that
compound 1 and 2 were isomers. In comparison with the 'H
and '*C NMR spectral data of both compounds with the re-
ported one, the structures were determined to be the polycyclic
xanthones, citreamicin € and 0, respectively.

The UPLCMS analysis of the strain extract revealed mass
spectra with m/z 475.1102 and 594.1691 adduct ions (Fig. 1)
which provided intermediates information for proposing the
biosynthetic pathway of citreamicins. Most polycyclic
xanthones feature an amide ring, which is otherwise rare
among aromatic polyketides. However, different polycyclic
xanthones possess various substituents on the amide nitrogen,
such as an amino group in simaomicin,* or in lysolipin.** Cit-
reamicin & and its derivatives feature more complicated
heterocyclic structures at amide ring. Among the remaining
citreamicin family compounds, citreamicin ¢ is unique for
several reasons: the phenolic oxygen atom on the A-ring is at
regioisomeric position compared to the other family members,
and the D-ring contains a unit of saturation. Citreamicin 6
possesses the same molecular weight with citreamicin € and the
only different is that citreamicin 6 contains a unique ring
system that bending with an acute angle. We suspected that
they shared same biosynthetic pathway.

2.2. Antifungal activity of citreamicins against various
fungal stains

The ethyl acetate extract of the broth culture of Aw99c was frac-
tionated to six parts by reverse phase chromatography, and then
all of the six fractions were submitted to test the antifungal
activity. The result showed Fr. D possessed significant activity

RSC Advances

against the six plant pathogenic fungi (Fig. 2). Over 90% of the
growth of F. solani, C. sp., C. gloeosporioides, M. grisea and B.
cinerea was inhibited by the treatment of Fr. D at the concen-
tration of 50 ug mL ™", which was similar with the positive control
carbendazim. The antifungal activity of Fr. D leaded to the
further purification of two compounds, citreamicin € and 6.
The inhibition effects of the purified citreamicin € and 6
against growth of six plant pathogenic fungi were further
detected. The result showed that fungistatic activity of cit-
reamicin ¢ with the minimal inhibitory concentration (MIC)
ranged from 1.56 to 12.5 pM was greater than citreamicin 6
(Table 1). Citreamicin & completely prevented the growth of
Cytospora sp. and C. gloeosporioides at the concentration of 1.56
and 3.12 pM, respectively and the corresponding concentration
of the positive control carbendazim was 12.5 pM. Citreamicin 0
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Fig. 2 Growth inhibition of Fusarium solani, Magnaporthe grisea,
Cytospora sp. Colletotrichum gloeosporioides, Fusarium graminea-
rum, and Botrytis cinerea treated with different fractions of the extract
in vitro at the concentration of 50 pg mL™. Carbendazim was used as
a positive control.
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Fig.1 The MS analysis of the intermediates.
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Table 1 Inhibitory effects of citreamicin € and 6 on six phytopatho-
genic fungi

Citreamicin ¢ Citreamicin 8 Carbendazim
Phytopathogenic fungi (MIC, uM) (MIC, pM) (MIC, pM)
F. solani 6.25 50 25
M. grisea 6.25 NA >50
Cytospora sp. 1.56 25 12.5
C. gloeosporioides 3.12 NA 12.5
F. graminearum 12.5 NA >50
B. cinerea 12.5 NA >50

showed growth inhibition only against to F. solani and Cyto-
spora sp. With the MIC of 50 and 25 pM, respectively. Compared
with positive control carbendazim, citreamicin &€ was more
potent against M. grisea. Therefore, we selected M. grisea as
a model organism to investigate the morphological change of
the mycelia.

2.3. Morphological change of M. grisea after treatment of
citreamicin &

The morphology change in the surface of the M. grisea treated
with citreamicin € was further studied. M. grisea belongs to the
filamentous fungi family which is characterized by the growth
of hyphae. The hyphae are comprised of hypha which consisted
of a chain of elongated cells encapsulated for cell wall protec-
tion. The formation of hyphae in filamentous fungi contributes
to adhesion and invasion of host cells.”® The broken down of the
hyphae may lead to the death of the pathogenic fungi cells.**
Since hyphae are the most common morphology observed
during infections, we applied the scanning electron micro-
scopic (SEM) to observe the surface change of the hyphae that
cause by the treatment of citreamicin €. The result of SEM on
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the control showed a normal smooth surface (Fig. 3A-C).
Treatment of citreamicin & on the M. grisea caused irregular
branching of hyphae and disruptive surface (Fig. 3D-F).
Unusual pattern of hyphal growth, as well as lyses of hyphal wall
by the treatment of citreamicin € was confirmed.

2.4. The proposal of biosynthetic pathway and the
identification of citreamicin related gene clusters

Citreamicin & possessed basic chemical structure of seven
condensed rings, including six polycyclic aromatic rings and
an oxazolidone ring. Previous study showed that the nitrogen
and oxygen-containing heterocycle oxazolidone ring in cit-
reamicins may play an important role in bioactivity.'® The
introduction and formation of the oxazolidone ring in poly-
cyclic aromatic compounds attracted us to study the biosyn-
thetic pathway of citreamicins. Based on the chemical
structures of the identified compounds, a proposal regarding
to the biosynthetic pathway is raised as shown in Fig. 4. The
presence of aromatic rings is supposed to be catalyzed by
polyketide synthase (PKS), which start with 13 acetyl-CoA. The
combination of the product catalyzed by PKS and a serine give
the core structure of citreamicins. The post-modification of
methylation, oxidoreductase and cyclization provide the final
structures of citreamicin € and 6.

In order to get more evident to support the proposal, the
draft genome of the S. caelestis Aw99c was sequenced. The 7 Mb
draft genome was assembled into 297 contigs with the coverage
approximately >200. The G + C content was up to 74%. The
antiSMASH analysis of the draft genome sequence of S. caelestis
Aw99c revealed 27 gene clusters encoding secondary metabolite
biosynthesis (Table S1, ESI filet). A putative type II PKS gene
clusters with 34% similarity to xantholipin cluster were identi-
fied.”® Both citreamicin and xantholipin possess an amide ring

Fig. 3 Scanning electron microscopic (SEM) images to visualize the changes in the surface morphologies of M. grisea. Mycelia growth of
untreated M. grisea with smooth and linearly shaped hyphae (A-C) and disruptive surface of mycelia by treatment of citreamicin ¢ with the

concentration of 3.12 uM for 48 h (D—F).
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Fig. 4 Proposed biosynthetic pathway of citreamicins. The compounds boxed in red solid line were identified by NMR and MS analysis, and the
compounds boxed in red dotted line were identified in MS analysis in this study.

and the formation of the amide ring might be catalyzed by an
asparagine synthetase homolog. Thus, we searched the aspar-
agine synthetase against to the whole draft genome of S. cae-
lestis Aw99c. Only one hit located at contig 12 was obtained.
Further analysis of the surroundings of the asparagine synthe-
tase homolog was lead to the discovery of a 48 kb gene cluster
which might associate with the production of citreamicins.
Putative functions are assigned to the 48 kb gene cluster that
contains 51 ORFs as shown in Fig. 5 and Table S2.1 Three cit
genes encode a type II minimal PKS consisting of the polyketide
bata-ketoacyl synthase alpha (KS,, cit-40), polyketide bata-
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123 4567 8 9 1112 131416 18 19 21 22 2324

25 26 28

ketoacyl synthase bata (KSg, cit-41), and acyl carrier protein
(ACP, cit-33). Besides, nine cit genes are supposed to relate to
the PKS synthesis and two cyclases (cit-38 and 42) are
surrounding the type II minimal PKS. Ten dispersed genes are
suspected for post-PKS tailoring, including an asparagine syn-
thase homolog (cit-50) for the formation of the amide ring. Four
monooxygenase (cit-45, 47, 48, and 51) and three oxidoreduc-
tase genes (cit-34, 44, and 46) are identified which is consistent
with the highly oxidized structure of citreamicins. In addition to
the biosynthetic machinery, three regulators (cit-2, 23 and 32)
and a transporter are also identified.
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Fig. 5 Organization of citreamycins biosynthesis gene cluster in S. caelestis. Each arrow indicates relative size and the direction of transcription
of the open reading frames deduced from analysis of nucleotide sequences.
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In type II PKS pathway, the biosynthesis of the polyketide
backbone is catalyzed by the minimal polyketide synthase,
which includes three components, the KS,, KSg, and ACP. These
enzymes probably duplicate enzymes from the primary metab-
olism, which supply malonyl-CoA for fatty acid biosynthesis.*®
The minimal PKS (cit 33, 40, and 41) accepts an acetyl-CoA
starter unit and condenses 13 equivalents of acetyl to afford
a backbone (Fig. 4). Studies on the biosynthesis of lysolipin
indicated that a Baeyer-Villiger oxidation was involved in the
formation of xanthone.?” The biosynthesis study of antibiotic
FD-594 provided the further evidence for the involvement of
Baeyer-Villiger oxidation during the formation of xanthone.””
Therefore the dehydrogenase/reductase might catalyze these
reactions. Cit-47 and Cit-51 are homologs of XanO4 which is
identified to be Baeyer-Villiger monooxygenases (BVMOs).?%>°
The identical between XanO4 and Cit-47 and Cit-51 is 39.7%
and 39.4% respectively.

Cyclases are required to suppress spontaneous cyclization and
to promote regioselectivity of intramolecular aldolcondensa-
tions.* Due to the KS,-KSg promotion of the regioselectivity of the
first cyclization, most minimal PKSs produce C-7-C-12 cyclized
polyketides as major products in the absence of additional
tailoring enzymes.** The difference between citreamicin & and
citreamicin 6 is the cyclization position of the polyketide back-
bone. Based on isotope-feeding experiments of citreamicin, three
carbonyl reductions at C-11, C-17, and C-19 were postulated to
produce the hypothetical intermediate compound.** We proposed
that the carbonyl reductions of citreamicin 6 were at C-5, C-11,
and C-17. The cyclases then catalyze the cyclization of the poly-
ketide backbone. As shown in Fig. 4, C-9-C-14, C-7-C-16, C-5-C-18
and C-4-C-21 cyclization make the backbone of citreamicin ¢,
while C-9-C-14, C-7-C-16, C-6-C-19 and C-5-C-22 cyclization make
the backbone of citreamicin 6. The cyclization of citreamicin 6 is
different from most angucycline antibiotic gene clusters.*

Based on the structure of citreamicins, the pentacyclic
intermediate undergo three hydroxylation steps at C-6, C-8, and
C-17, followed by oxidation to yield the anthraquinone struc-
ture. The thioesterase (cit 31) which plays as significant role in
removal of acyl carrier protein (ACP) domain in type II PKS gene
clusters® would release the molecules from the ACP.

The assembly of a cyclic amide and formation of complicated
heterocyclic structures in citreamicins might catalyzed by the
asparagine synthetase homolog (cit 50). The asparagine synthe-
tase that catalyzes the conversion of aspartic acid to asparagine in
an ATP dependent fashion contains an N-terminal nucleophile
cysteine that hydrolyzes the amine of the nitrogen donor gluta-
mine.*® Cit 50 was 53% identical to the type II asparagine
synthetases in pradimicin biosynthesis gene cluster (PdmN). In
the case of PdmN, r-Ala was used as nitrogen source instead of
free NH;.>® However, in the biosynthesis of citreamicin, serine
might be nitrogen source to offer the fragment assembled to the
polyketone backbone. The formation of the oxazolidinone ring
was achieved by the dehydroxylation between C-25 and C-29,
finally providing citreamicin €. The UPLC-MS analysis of extract
of the strain revealed an intermediate compound with the
molecular weight at 594.1691 (Fig. 1), which provide the evidence
to confirmed that the ring closing reaction of oxazolidinone

37380 | RSC Adv., 2019, 9, 37376-37383
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might be the final step in the biosynthesis of citreamicin €. The
compounds identified in this study are boxed in red in Fig. 4.

3. Materials and methods

3.1. Bacteria strains and culture conditions

The Streptomyces sp. was isolated from the Red Sea coastal water
side of fish market near Jeddah (21'29.622N 39'09.617E). The
culture was isolated by Bd Difco 212168 Actinomycete Isolation
Agar. The 16S rDNA (1575 base pairs long) similarity of this strain
was assessed using the BLAST program in the NCBI Database.
The strain was classified as Streptomyces caelestis according to the
16S rDNA sequence (99% similarity), which was submitted to
GenBank under accession number JX204833. The strain was
cultured in 250 mL flasks at 25 °C for 5 days and each flask
contained 100 mL SPY media (10 g L™ of starch, 2 g L™" of
peptone, 4 g L " of yeast extract and 20 g L™ " sea salt) and glass
beads (3 mm in diameter). The culture broth (20 L) was extracted
with ethyl acetate and dried under vacuum.

3.2. Compounds isolation

The ethyl acetate extract (560 mg) was submitted to reversed-
phase C18 flash chromatography, eluting with solvent
mixtures of H,O-MeOH (9 : 1, Fr. A), H,0-MeOH (7 : 3, Fr. B),
H,0-MeOH (5 : 5, Fr. C), H,0-MeOH (3 : 7, Fr. D), H,0-MeOH
(1:9, Fr. E), and 100% MeOH (Fr. F). Each fraction was evap-
orated yielding residue and submitted to test the antifungal
activity. The Fr. D (152 mg) which showed potential antifungal
activity was then subjected to Sephadex LH-20 eluted with
MeOH to yield 14 sub-fractions (named as Fr. D-1 to Fr. D-14).
Fr. D-6 (59.8 mg), which showed significant antifungal
activity, was submitted to a semi-preparative RP-HPLC, eluted
with MeOH/H,0, using an increasing gradient of MeOH from
50% to 100% over 20 min to afford citreamicin ¢ (25.6 mg) and
citreamicin 0 (8.4 mg).

Citreamicin & (7). Yellow powder; [a]f’ +64 (c 0.00025,
acetone); IR (KBI) e cm ™~ 3430, 1627, 1574, 1405, 1273; UV Amax
(MeOH) nm 206, 244, 287, 358; 'H NMR (500 MHz, DMSO-d) 6y
12.67 (br.s, 1H), 11.9 (br.s, 1H), 11.8 (br.s, 1H), 9.29 (br.s, 1H), 7.59
(d,J=7.8,1H),7.09 (d,] = 7.8, 1H), 6.85, (s, 1H), 4.32 (d, ] = 11.1,
1H), 3.86 (s, 3H), 3.70 (d, J = 11.1, 1H), 3.44 (m, 2H), 3.35 (m, 2H),
2.45 (m, 2H), 1.66 (s, 3H), 1.69 (s, 3H); **C NMR (125 MHz, DMSO-
de) 0c 186.1, 173.4, 165.8, 149.9, 149.1, 148.8, 147.1, 144.4, 142.5,
138.6, 134.9, 134.6, 132.6, 121.9, 118.8, 117.6, 113.2, 107.6, 107.1,
106.1, 105.7, 93.7, 65.5, 63.3, 56.6 38.5, 29.5, 25.9, 23.5, 18.5; HR-
ESI-MS m/z 576.1503 [M + H]|" (cales for C3yH,5NO,; 576.1506).

Citreamicin 0 (15). Yellow powder; [«]% +59 (¢ 0.02, MeOH);
UV Amax (MeOH) nm 237, 278, 323, 441; "H NMR (500 MHz,
DMSO-dq) 6y 7.58 (d, J = 7.5, 1H), 6.90 (s, 1H), 6.87 (d, J = 7.5,
1H), 4.31 (m, 1H), 3.85 (s, 3H), 3.81 (m, 2H), 3.54 (m, 2H), 3.43
(m, 2H), 3.35 (m, 2H), 1.67 (s, 3H), 1.61 (s, 3H); *C NMR (125
MHz, DMSO-dg) éc 183.1, 173.7, 166.3, 159.2, 150.6, 149.5,
147.2, 145.9, 143.7, 142.3, 141.8, 137.3, 134.6, 122.6, 118.3,
118.2, 109.6, 108.3, 107.7, 106.4, 102.6, 93.6, 65.5, 61.6, 57.3,
40.4, 29.4, 26.5, 23.6, 19.2; HRESIMS m/z 576.1508 [M + H]
(cales for C30H»5NO44 576.1506).

This journal is © The Royal Society of Chemistry 2019
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3.3. DNA isolation and sequencing

Isolation of genome DNA from S. caelestis Aw99c, was per-
formed and the genome DNA was purified by precipitation in
70% EtOH. DNA sequencing was performed at the Chinese
National Human Genome Center at Shanghai using the Illu-
mina Hiseq2000 platform with 170 bp and 500 bp insert pair-
end library. The 7 Mb draft genome was assembled into 297
contigs with the coverage approximately >200. The G + C
content was up to 74%. The genome data was submitted to
GenBank with the Bioproject ID PRJNA542982.

3.4. Bioinformatics analysis of genome sequencing

Nucleotide and amino acid sequence similarity comparisons
were carried out in public databases using the BLAST
program. All contigs were subjected to antiSMASH (Version
4.0) (http://antismash.secondarymetabolites.org/) for the
antibiotics and secondary metabolite analysis.*” The 48 kb
type II PKS gene cluster cit was further analyzed using Fra-
mePlot 3.0. To understand the functions of each ORFs
deduced by DNA sequencing, each ORFs was translated to its
products and then submitted for BLAST search against the
database to confirm the annotation.

3.5. The inhibitory activity against mycelial growth of plant
pathogenic fungi

Six plant pathogenic fungi Fusarium solani, Magnaporthe grisea,
Cytospora sp., Colletotrichum gloeosporioides, Fusarium graminea-
rum, Botrytis cinerea were used for bioassay. All of the fungi were
provided by College of agriculture, Northwest A&F University. The
growth inhibition of the test plant pathogenic fungi treated by
compounds was studied. The fungus was firstly cultured on
potato dextrose broth (PDB) in flask at 28 °C for 3 days. For
determination of inhibitory activities, the fungal cells were
smashed with vortex and filtrated with four layer gauze to afford
the homogenous cell suspension. The cell density of the stock
suspension was adjusted to 1 x 10° cells per mL by measuring
the turbidity with a spectrophotometer (Bio-Tek, USA). The
working suspension is made by a dilution of the stock suspen-
sion with PDB, which results in 5.0 x 10> cells per mL and then
inoculated into 96-well flat-microtiter plates at a volume of
0.1 mL per well. The required concentrations of compounds
dissolved in DMSO : water : Triton X-100 (1 : 9 : 0.01, v/v/v) and
added into each well by serially diluted with PDB. The incubation
of the microtiter plates was at 28 °C for 48 h and the results were
measured with a spectrophotometer.®® The minimum inhibitory
concentration (MIC) indicated the lowest concentrations in
which no fungal growth could be observed. Each treatment was
repeated for three times.

3.6. The Cryo-SEM observation

The M. grisea was firstly cultured on potato dextrose agar (PDA)
medium in Petri dishes for 3 days and then one discs of agar
medium with fungal cultures was inoculate on PDA with or
without citreamicin . After 3 days incubation, the PDA medium
with fungal cells was cut into small pieces (1.0 cm x 1.0 cm)

This journal is © The Royal Society of Chemistry 2019
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and transfer in a cryo-preparation chamber (PP3010T, Quorum,
UK) for freezing dry. The freeze-fracture technique consists of
physically breaking the frozen hydrated samples. The freezed
discs were smeared on a silver stub and gold-coated by cathodic
spraying. The coated samples were observed under a scanning
electron microscope and digital images captured using a Nova
Nona Scanning Electron Microscopic (SEM) 450 (FEL, USA) at an
accelerating voltage of 5 kV.

4. Conclusion

The antifungal activity of citreamicins was firstly reported based
on in vitro assay and SEM observation. The biosynthetic gene
cluster, which possesses a type II PKS and an asparagine
synthetase, has been identified. The proposed biosynthesis
pathway of citreamicins was consistent with the physical cit
gene map developed from the draft genome of S. caelestis
Aw99c. Characterization of the biosynthetic pathway of cit-
reamicins provides the opportunity to understand unusual
modifications involved in the biosynthesis of polycyclic
xanthone antibiotics.
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